Rates of multiple paternities were investigated in the sailfin molly (Poecilia latipinna), using eight microsatellite loci. Genotyping was performed for offspring and mothers in 40 broods from four allopatric populations from the south-eastern U.S.A. along a geographic stretch of 1200 km in west-east direction and approximately 200 km from north to south. No significant differences regarding rates of multiple paternities were found between populations despite sample populations stemming from ecologically divergent habitats. Even the most conservative statistical approach revealed a minimum of 70% of the broods being sired by at least two males, with an average of 1.80-2.95 putative fathers per brood. Within broods, one male typically sired far more offspring than would be expected under an assumed equal probability of all detected males siring offspring.
Introduction
The application of genetic markers to parentage analysis has helped to re-define mating systems and has shown that multiple paternity is widespread if not predom-inant in nature (Birkhead, 2000) . Empirical studies revealed multiple paternity in gastropods, insects, reptiles, birds, mammals and teleost fishes (Birkhead, 2000) . Multiple inseminations by different males set the stage for proximate postcopulatory selection processes, including sperm competition (Parker, 1990) and cryptic female choice (Thornhill, 1983) . Promiscuity, therefore, has the potential to affect the intensity of sexual selection in natural populations (Simmons, 2005) .
According to Bateman's (1948) principle, male reproductive success can increase by mating with more than one female, while this is not necessarily the case for females (but see Arnqvist and Nilsson, 2000) . Additionally, mating involves costs like increased predation risk (Magurran and Nowack, 1991) , disease transmission (Daly, 1978) , and time and energy lost for foraging because of male sexual harassment (Magurran and Seghers, 1994; Schlupp et al., 2001) . These apparent disadvantages raise the question of why multiple paternity is so common in natural populations. A particularly suitable model system to address this question is the family Poeciliidae, a group of livebearing fishes with internal fertilization whose mating behaviour is well studied. Poeciliid mating systems are non-resource based and paternal contribution to reproduction and offspring is restricted to insemination (Blumer, 1979; Constantz, 1989; Rios-Cardenas, 2005) . Fertilisation in poeciliids is internal; females can store sperm (Constantz, 1989 ) and normally do not seem to be sperm limited (but see Riesch et al., 2008 , for asexual sperm-dependent poeciliids). In guppies (Poecilia reticulata) it has been shown that a single copulation event suffices to fertilise a succession of broods (Winge, 1937) .
Traditionally, allozyme analysis has been applied to investigate multiple paternity in natural populations of poeciliids, including sailfin mollies, Poecilia latipinna (table 1) . Microsatellite markers, however, combine the advantage of high variability with nuclear codominant inheritance and are thus most suitable for parentage analyses (Queller et al., 1993) . Consequently, they have almost entirely replaced earlier methods with lower resolution. Yet, no study to date has investigated patterns of multiple paternity in P. latipinna using microsatellite markers.
In this study we investigated multiple paternity in four sailfin molly populations using microsatellite analysis. Based on previous assessments of multiple paternity in wild caught poeciliids (table 1) , we expected multiply sired broods in all sampled populations. Due to the higher level of polymorphism of microsatellite markers, we also predicted the detectible number of putative sires to be potentially higher compared to older data generated by allozyme electrophoresis (table 1) . In addition, we investigated the relationship between multiple paternity, number of sires, and female fecundity. Fecundity in poeciliids is typically correlated with female body size (Borowsky and Kallman, 1976; Riesch et al., 2009) . Hence, we predicted that larger P. latipinna females would have more offspring along with higher rates of multiple siring compared to smaller sized females. To test these predictions we genotyped a total of 40 wild-caught females from four different populations, as well as a subset of their embryos (i.e., ten per female) using eight polymorphic microsatellite loci. Capitalised names refer to software programmes applied for paternity analyses: CERVUS (Marshall et al., 1998) , GERUD (Jones, 2005) , KINSHIP (Goodnight and Queller, 1999) , PARENTAGE (Emery et al., 2001) . 
Material and methods

Sample collection
We collected female sailfin mollies in June 2008 from four different sites in the southern USA. Two populations came from Louisiana: population 1 (IS08-012) near Cameron, and population 2 (IS08-021) west of the border to Mississippi. The other two were sampled in Florida: population 3 (IS08-030) near Royal Bluff, and population 4 (IS08-046) at Lake Eustice ( fig. 1 ). Thus, each pair of populations was at least 500 km water distance apart, and the maximum distance between two populations exceeded 1500 km. We captured fish using a seine, euthanized them in MS-222 (Tricaine methanesulfonate), and preserved them in 70% ethanol (EtOH).
In the laboratory, all available female sailfin mollies were measured for standard length (SL) and wet weight was determined to the closest 0.01 gram. We then screened females for embryonic development by opening their abdominal cavity. Fecundity was measured as the number of developing embryos per female. We carefully removed all embryos or undeveloped oocytes with forceps. Each embryo was placed individually in microcentrifuge tubes, and stored in 70% EtOH at 3°C until further processing. A total of 60 females was available (N = 15 from IS08-012, N = 13 from IS08-021, N = 14 from IS08-030 and N = 18 from IS08-046) of which 44 had embryos, but DNA isolation and subsequent parentage analysis was restricted to those females (N = 40) for which approximately ten developing embryos were available (surplus offspring were discarded). This included ten females per population, coming to a total of 100 embryos for population IS08-012, 98 embryos for populations IS08-21 and IS08-030, and 91 embryos for population IS08-046.
Microsatellite analysis
DNA was extracted from adult females' fin clips and whole embryos using the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany). We genotyped females and their corresponding offspring, using eight microsatellite loci (GA-IV42, GA-III29B, GA-III28, GT-I34, GT-I41, GA-V18, GT-II16, GA-I29B, Tiedemann et al., 2005 ; table 2). Single locus, as well as multiplex polymerase chain reactions (PCR) were performed using 1 μl DNA isolate (70-540 ng DNA, determined by use of NanoDrop ® ). PCR was performed in a total volume of 25 μl using 2.5 μl 10× PCR buffer containing MgCl 2 , 2.5 μl dNTPs (2 mM), 0.34 μl forward and reverse primer (10 μM), and 0.1 μl Taq DNA polymerase (5 U/μl; all from MP Biomedicals GmbH). Two-step multiplex amplifications were performed with the following cycle parameters: denaturation at 94°C for 5 minutes, three cycles of denaturation at 94°C for 30 seconds, annealing at the locus-specific primer annealing temperature (Tiedemann et al., 2005) plus 3°C for 1 minute and extension at 72°C for 45 seconds. The second step included 37 cycles: denaturation at 94°C for 30 seconds, annealing at the locus specific annealing temperature (Tiedemann et al., 2005) for 1 minute, and an extension at 72°C for 45 seconds, followed by a final extension step for 10 minutes at 72°C. To accommodate multiplexing for the loci GA-III28 and GT-I34, a modified annealing temperature of 53.5°C was used. GT-II16 was amplified in a single two-step PCR. Here, PCR was performed in a total volume of 37.5 μl using 3.75 μl 10× PCR buffer containing MgCl 2 , 3.75 μl dNTPs, 0.5 μl forward and reverse primer and 0.15 μl Taq polymerase using the same reaction profile, concentrations and manufacturers' products as described above. We determined fragment sizes on an ABI 3130xl automatic sequencer, using GeneMapper version 4.0 and an internal size standard (Genescan-500 LIZ, Applied Biosystems). The software Micro-Checker (van Oosterhout et al., 2004 ) was used to control for potential scoring errors, allele dropout, or the presence of null alleles. GenAlEx version 6.1 (Peakall and Smouse, 2006) was employed to calculate observed (H O ) and expected heterozygosity (H E ), and the inbreeding coefficient (F IS ) in the maternal data set. The probability of deviation from Hardy-Weinberg Equilibrium was estimated with the programme Genepop (Raymond and Rousset, 1995) , implementing a Markov Chain-based method using default settings. We also used Genepop to control for linkage equilibrium with a likelihood ratio test, applying the same Markov Chain parameters. Results were Bonferroni-adjusted wherever multiple comparisons were conducted. The mean allelic richness for each population over loci was obtained using Fstat version 2.9.3 (Goudet, 1995) .
Multiple paternity analyses
Three different methods were applied to estimate multiple paternity. (1) We detected putative sires manually through allele counting. Offspring alleles were counted at every locus for every brood. We used the allele number of the locus with the highest number of different alleles as an estimate of the number of paternal alleles present. This number was reduced by the number of maternal alleles for this locus and then divided by two, because in diploid organisms each putative father could potentially donate two different alleles. We performed these calculations in two different ways: (a) one approach assumed no occurrence of genotypic errors in the data (Manual 1).
(b) The other manual approach allowed for a single mismatch per brood (i.e., assuming that one genotypic error had occurred in that brood, Manual 2). These two manual approaches delivered a conservative approach of numbers of putative sires present per brood, with the latter being the most conservative. Furthermore, two software applications were used. (2) The first was Colony version 2.0 (Wang, 2004) , which reconstructs full-and half-sibships, and estimates numbers of putative fathers and parental genotypes, based on a likelihood method applied to multi-locus genotype data. Allele frequencies and genotypic error estimates per locus and population were applied to run the calculations. Allele frequencies were generated with GenAlEx version 6.1 (Peakall and Smouse, 2006) for each locus and population separately. We estimated the frequency of genotyping errors by counting allelic mismatches between offspring and mothers; the highest mismatching frequency detected was 0.05 for population IS08-046 at locus GT-I34.
(3) In addition, we used Kinalyzer to assess sibship groups from offspring genotypes using the 2-allele approach (Ashley et al., 2009) . Offspring that were assigned to more than one sibship group were omitted from any analysis of prevailing fathers. Calculations were performed for each of the 40 sailfin molly families separately.
Population comparisons
We first tested for differences in body size of all females from the four populations collected for our study (N = 60) by means of one-way Analysis of Variance (ANOVA), in which SL was the dependent variable and population the independent variable. We further compared the ratio of gravid to non-gravid females among our four populations by means of a logistic regression analysis, in which 'gravid (yes/no)' was our dependent variable. Female fecundity was then compared within the subset of gravid females (N = 44), using a univariate Analysis of Covariance (ANCOVA), in which embryo number was the dependent variable, population an independent variable, and standard length (SL) a covariate. To test for differences in multiple paternity rates between populations, we included numbers of putative fathers according to Colony, Kinalyzer, Manual 1, and Manual 2 as dependent variables in a Multivariate Analysis of Covariance (MANCOVA) on all females used for the paternity analysis (N = 40) with SL and size-corrected fecundity (residuals from least squares regressions of fecundity against SL) as covariates and population as a fixed factor. As all interactions were not significant (P 0.170), they were removed from the final model. For all statistical models, SL-data were log-transformed, and fecundity and all dependent variables were square-root-transformed to accommodate non-linear relationships between the variables. Assumptions of multivariate normal error and homogeneity of variances and 
Results
Female fecundity
Female body size (including females not analysed for patterns of multiple paternity, N = 60) differed significantly among populations (F 3,56 = 12.49, P < 0.001).
The largest females were found in population IS08-046 (N = 18; SL = 44.78 ± 1.79 mm, mean ± SE). Populations IS08-021 (N = 13, SL = 40.54 ± 1.09 mm) and IS08-030 (N = 14, SL = 38.14 ± 0.52 mm) were intermediate, and the smallest females were collected in IS08-012 (N = 15, SL = 35.33 ± 0.62 mm; table 3). We did not detect a significant difference between populations in the relative number of gravid females (binary logistic regression: −2 log likelihood = 66.14, Wald = 3.17, df = 1, P = 0.075). Across all four populations an average of 74.5 ± 6.6% (mean ± SE) females carried embryos. When analysing the fraction of females that carried embryos in their ovaries (N = 44), no significant effects of population (F 3,36 = 1.91, P = 0.146) or the interaction between population and SL (F 3,36 = 1.94, P = 0.140) on fecundity were detected. Only SL had a significant influence on fecundity, with larger females having more embryos (F 1,36 = 9.51, P = 0.018).
Genotypic data and genetic variability
All loci in all populations were polymorphic. Numbers of alleles detected varied between loci, with a minimum of five for locus GT-I41 and 32 for locus GT-I34 (table 2) . We found no linkage-disequilibria among any pair of loci, using Genepop and Bonferroni adjustment of α-levels. The mean allelic richness per population varied between 4.53 ± 1.26 and 6.20 ± 1.14; this variation, however, was not significant (Friedman repeated measures ANOVA: χ 2 = 2.12, df = 3, P = 0.55).
There were no significant deviations from Hardy-Weinberg Equilibrium after Bonferroni adjustment (P 0.03, α = 0.0017). The average expected heterozy- gosities for each population ranged from 0.58 to 0.70. For locus GA-I29B in population IS08-030, the programme Micro-Checker detected null alleles at a frequency of 0.19 for mothers and 0.06 for embryos.
Multiple paternities within populations
According to the Manual 2 analysis, 70% of the 40 analysed broods were sired by more than one male, versus 90% according to Manual 1, 95% according to Colony and 85% multiply sired broods calculated with Kinalyzer. Estimated numbers of putative sires per brood ranged between a minimum of one (Manual 1 and 2, Colony and Kinalyzer) and a maximum of five (Colony) per brood, with a maximum total mean of 2.95 ± 0.13 putative sires (Colony) and a minimum of 1.80 ± 0.09 according to Manual 2 ( fig. 2) .
Colony further estimated the most likely paternal genotypes and allocated "father IDs", i.e., it allowed for inferences regarding the individual paternal descent of each embryo ( fig. 3) . When comparing individual male's relative contribution against an assumed even contribution of all males siring equal numbers of offspring (i.e., a 'fair raffle scenario'; Parker, 1990; Neff and Wahl, 2004) , a high reproductive skew was uncovered. This unequal representation of alleles from individual putative sires was detected across populations. For example, in females that were successfully inseminated by two males, the prevailing male accounted for 83.3 ± 2.6% of the offspring. Kinalyzer simulations of sibship groups could also be used for inference of potential unequal distribution of male's reproductive success. In this analysis, 69.9 ± 2.8% of the offspring in broods with two fathers were sired by only one male (fig. 4) . 
Comparison of multiple paternities among populations
The MANCOVA revealed no significant differences in numbers of putative fathers between populations (F 12,82 = 0.84, P = 0.61, observed power = 0.39), and SL also had no influence on the rate of multiple paternity (F 4,31 = 2.49, P = 0.06, observed power = 0.64). The model did reveal a significant influence of fecundity on paternity rates though (F 4,31 = 3.33, P = 0.02, observed power = 0.78), and visual inspection of the data revealed that more putative fathers were detected in females with a higher fecundity.
Discussion
Comparing methods for the assessment of multiple paternity
Molecular analysis revealed an estimated minimum of 70% of natural P. latipinna broods being sired by more than one male. This result corroborates previous studies on multiple paternity in poeciliids (table 1) . Generally, we cannot rule out that some secondary fathers might have remained undetected in broods that appeared to be fathered by only one male, as the chance to detect them is expected to increase when more offspring per brood are genotyped (e.g., Trexler et al., 1997) , while only a maximum of ten embryos per brood were genotyped in our study.
The application of three different methods allowed for a comparison of performances of these approaches. Manual 2 yielded estimates of the lowest possible rate of multiply sired P. latipinna broods, but manual allele counting could have underestimated the number of putative fathers (Sefc and Koblmuller, 2009) . With an overall frequency of 85% multiply sired broods, the result from Kinalyzer was slightly lower than the Manual 1 result (90%). Colony (Wang, 2004) uses population allele frequencies and accounts for genotyping errors. In summary, the application of three different methods yields congruent results and suggests that the true number of fathers per brood is likely to be within the range provided by the different methods, i.e., between 70-95%.
Unequal contribution of males siring offspring
In all populations, one male per brood sired more offspring than expected under the null hypothesis of an equal probability of each male's sperm (i.e., under a "fair raffle" scenario; Parker, 1990; Neff and Wahl, 2004) . Application of the sibship groups estimated by Kinalyzer yielded a similar result. It should be noted that when sampling finite numbers of individuals an equal likelihood of success in sperm competition does not result in 50% average paternity for the most successful male. Rather, one should expect some variance across broods. Yet, our results (Colony 83.3 ± 2.6% offspring sired by the most successful male versus 69.9 ± 2.8% estimated by Kinalyzer) seem to support an unequal representation of paternal alleles among offspring genotypes. Similar findings have been reported in some of the previous studies (table 1: Borowsky and Kallman, 1976; Borowsky and Khouri, 1976; Robbins et al., 1987; Soucy and Travis, 2003; Luo et al., 2005; Neff et al., 2008; Simmons et al., 2008; Tatarenkov et al., 2008) . High reproductive skew among sires may indicate the action of various pre-and/or postcopulatory sexual selection processes (Becher and Magurran, 2004; Luo et al., 2005; Evans and Pilastro, 2011) and future studies are needed to draw conclusions about the relative intensity of such processes in our study species, as well as the underlying mechanisms (see Evans and Magurran, 2001) .
Female fecundity and population comparison
A common finding in studies on multiple paternity in poeciliids is a positive correlation between brood size and number of putative sires (Travis et al., 1990; Greene and Brown, 1991) . Our results are congruent with this pattern. In addition, brood size was positively correlated to female standard length in the present study, which also conforms to previous studies (Borowsky and Kallman, 1976; Travis and Trexler, 1987; Farr and Travis, 1989; Riesch et al., 2009 ). Yet, no statistically significant correlation was detectible between female standard length and numbers of putative fathers in the present study.
While we found an overall high level of multiple paternity, which supports previous studies (table 1) , no population-specific differences were uncovered. The studied populations were allopatric and spanned a large geographic area from Louisiana to Florida, with at least 500 kilometres between two populations. They stemmed from rather different ecological environments (e.g., a saline bayou with sand bottom in IS08-012 versus a submerged parking lot of negligible salinity with asphalt bottom at IS08-020), with three of them potentially being part of different metapopulation systems (IS08-012, IS08-030, and IS08-046) and one being a rather isolated population. This suggests that the sites represent a large fraction of the breadth of habitats inhabited by sailfin mollies. We lack an a priori prediction as to how exactly this environmental variation should affect population differences in multiple paternity, but our study indicates that there is no major variation across sites. A recent study looking for geographic differences in rates of multiple paternities investigated Trinidadian guppy (Poecilia reticulata) populations (Neff et al., 2008) and did not find consistent support for different rates of multiply sired broods across populations either, although their populations experienced different predation risks. Neff et al. (2008) pointed out two factors to explain rather similar rates of multiple paternity across guppy populations. First, a generally strong contribution of unsolicited matings (Evans et al., 2003) ; and second, the possibility that females solicit multiple mating because of potential genetic benefits (Constantz, 1984; Evans and Magurran, 2000; Ojanguren et al., 2005; Ala-Honkola et al., 2010) .
Coercive male mating behaviour has been documented in various poeciliids (Magurran and Seghers, 1994; Evans et al., 2003; Plath et al., 2007) , and the level of multiple paternity may be linked to the level of sneaky mating (Matthews and Magurran, 2000; Neff et al., 2008) . Hence, multiply sired broods in poeciliids have been speculated to not necessarily mirror females' interests [i.e., multiple mating may (a) not be under female control and (b) not be adaptive for females]. Rather, they could be viewed as a natural outcome of male-male competition through sneaky matings (Farr, 1989; Kolluru and Joyner, 1997) . With male mating tactics often overriding female choice and only a small fraction of males displaying courtship behaviour, receptive females might be surrounded by plenty of sexually mature males attempting to mate with them (Farr, 1989) . Perhaps, uneven siring of males simply reflects mating order (Evans and Magurran, 2001; Aspbury and Basolo, 2002) . However, it is also conceivable that female poeciliids rely on postcopulatory mechanisms (cryptic female choice) to bias the siring of their brood (Evans and Pilastro, 2011) . Further research is needed to disentangle the relative contributions of unsolicited mating and (pre-and postcopulatory) female choice (Barbosa and Magurran, 2010) to better understand potential genetic benefits of multiple mating in P. latipinna.
